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Written and spoken words activate left hemisphere 
areas involved in language processing. However, 
we  here show that  overlearned sequences  (e.g. 
letters,  numbers,  weekdays,  months)  involve  an 
unexpected  right  hemispheric  activation  in  both 
the  middle  temporal  gyrus  and  temporoparietal 
junction.  Our  findings  offer  a  framework  for 
understanding  neuropsychological  patterns  seen 
in  conditions  such  as  synesthesia,  in  which 
anomalous  perceptual  experiences  are  triggered 
by overlearned sequences, and also in semantic 
dementia,  in  which  left  hemisphere  damage 
disrupts  word  knowledge  even  while  sequences 
can be spared.
Learned ordinal sequences – such as letters of the 
alphabet or days of the week – appear to belong to 
a  special  class  of  stimuli.  One indication comes 
from synesthesia, a harmless condition in which a 
perceptual experience (such as color) is triggered 
by  an  unrelated  sensory  input.  Interestingly,  a 
large  proportion  of  synesthetic  experiences  are 
triggered  by  members  of  learned  ordinal 
sequences. Another example of the special status 
of sequences comes from semantic dementia (SD), 
in  which  learned  sequences  are  often  preserved 
while  processing  of  non-sequential  categories  is 
greatly  impaired.  Finally,  duration  illusions 
provide further evidence that sequential stimuli are 
processed differently. Sequential stimuli presented 
in  their  natural  order  contract  in  duration; 
however, no such illusion is seen when sequential 
stimuli are presented out of order, or when stimuli 
in  a  non-sequential  category  (e.g.  animals)  are 
used instead (Pariyadath & Eagleman, unpublished 
results).  Collectively,  these  data  indicate  a 
differential encoding for overlearned sequences in 
the brain.
To  test  the  hypothesis  that  overlearned 
sequences  are  processed  differently  than  non-
sequential  categories,  we  had  participants  carry 
out  a  simple  semantic  task  involving  sequential 
and non-sequential stimuli while using functional 
magnetic resonance imaging (fMRI). 
Twenty  six  subjects  participated  in  the 
experiment (15 female; mean age range = 23.9; 
all right handed and verified non-synesthetes, see 
Supplementary  Methods  for  details). 
Neuroimaging  data  was  acquired  in  an  event 
related  paradigm.  Participants  were  presented 
with word sets (Table 1) consisting of 4 types of 
sequential  categories  (letters  of  the  alphabet, 
numbers,  days  of  the  week and  months  of  the 
year)  and  4  types  of  non-sequential  categories 
(fruits,  animals,  cars  and  furniture).  Each  trial 
consisted of 5 words that were presented serially 
for 500 ms each with inter-stimulus intervals of 
300  ms  (Fig.  1).  Randomly  interleaved  trials 
represented one of three conditions (Table 1): (1) 
words in a sequence category were presented in 
their proper order (“Sequence”), (2) words in a 
sequence category were presented in a scrambled 
order  (“Scrambled”),  and  (3)  words  were 
presented  that  belonged  to  a  non-sequential 
category  (“Non-sequence”).   To  ensure  that 
participants  remained  attentive  inside  the 
scanner,  on 50% of the trials  the fifth stimulus 
was  an  oddball  (e.g.  Thursday,  Monday,  
Saturday,  Tuesday,  Banana or  Mango,  Lemon,  
Cherry, Orange, 8). Six to ten seconds after the 
last stimulus a question appeared on the screen: 
“Was  there  an  oddball?”  Participants  made  a 
“yes”  or  “no”  response  a  button  box,  and  the 
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next  trial  commenced  6  to  10  seconds  later. 
Participants completed 20 practice trials outside 
the fMRI scanner and 120 trials in the scanner. 
In  the  scanner,  participants  performed  the 
oddball detection task with an average accuracy 
of 96.88%, indicating appropriate attentiveness. 
Trials  which included oddball  stimuli  were  not 
included in the present analysis.
Table 1 Example stimulus trains presented in the 
experiment
4 7 9 1 61 2 3 4 5Numbers
C J A V LG H I J KLetters
Tuesday Thursday Sunday Monday
Wednesday
Wednesday Thursday Friday 
Saturday Sunday
Days
February April January October JulyFebruary March April May JuneMonths
ScrambledSequence
Chair Table Desk Bed SofaFurniture
Mercedes Honda Toyota Lexus FordCars
Dog Cat Bear Monkey RatAnimals
Pear Peach Banana Apple GrapeFruit
Non-sequence
To identify regions of interest whose activity 
correlated  specifically  with  sequential  stimuli, 
we first  contrasted the Sequence trials  with the 
Non-sequence trials (Fig. 1b). 
The right  middle temporal  gyrus (56, -64, 0, 
max  t-statistic  5.76,  38  voxels)  and  the  right 
temporoparietal  junction  (64,  -44,  20,  max  t-
statistic 4.16, 33 voxels) showed greater activation 
in  the  Sequence  condition  than  in  the  Non-
sequence condition  (p<0.005 uncorrected; cluster 
size 20,  ref  ,  random  effects  analysis,  see≥  
Supplementary Methods). The right lateralization 
was surprising since linguistic stimuli are almost 
invariably  found in the left  hemisphere  for  right 
handers.  This  cluster  does  not  overlap  with 
temporal regions associated with self-monitoring. 
Finally, the right cerebellum (36, -40, -32, max t-
statistic 4.64, 25 voxels) showed greater activation 
in  response  to  the  Non-sequence  condition  than 
the Sequence condition. 
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April
500 msTime
AugustJune JulyMay
300 ms 6000 -10000 ms 6000 –10000 ms
Participant makes a response using 
the button box 
a
Was there an 
oddball?
R L
b c
Sequences >             
Non-sequences
Non-sequences > 
Sequences
Scrambled sequences > 
Non-sequences
Non-sequences > 
Scrambled sequences
R
Figure 1 Processing of sequential stimuli involves more right hemispherical processing. (a) Schematic of 
the experiment. Participants viewed 5 words that were presented serially while in an fMRI scanner. The 
words could belong either to a sequential or non-sequential category (see Table 1). Participants reported 
whether the fifth stimulus was an ‘oddball’, which occurred randomly on 50% of trials. (b) The right middle 
temporal gyrus (MTG) and right temporoparietal junction (TPJ) show greater activation in response to 
sequential stimuli (whether scrambled or unscrambled); only the right cerebellum responded more to non-
sequential stimuli.  (c) When scrambled sequences were presented, in addition to the right MTG and the 
right temporoparietal junction, the left superior frontal gyrus and the left inferior frontal gyrus also showed 
more activation compared to non-sequences. On the other hand, the right middle frontal gyrus, the left 
fusiform gyrus and left superior frontal gyrus showed greater activation response to non-sequential stimuli 
as compared to sequential stimuli. Clusters p<0.005 uncorrected, cluster size 20,  see Supplementary≥  
Methods).
Next,  to  understand  whether  the  right  middle 
temporal gyrus was processing sequential stimuli 
per  se  or  whether  the  sequential  order  of 
presentation in itself was important, we examined 
the  contrast  between  the  Scrambled  and  Non-
Sequences  conditions  (Fig.  1c).  Again,  the  right 
MTG (56, -60, -4, max t-statistic 5.29, 56 voxels), 
the right supramarginal gyrus (64, -28, 28, max t-
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statistic  5.42,  72  voxels),  and  also  left 
supramarginal  gyrus  (-60,-24,16,  max  t-statistic 
4.34, 21 voxels) and left inferior frontal gyrus (-52
,  8,  16,  max  t-statistic  5.9,  33  voxels)  showed 
greater  activation  in  response  to  Scrambled 
sequences  than  to  Non-sequences  whereas  the 
right  middle  frontal  gyrus  (36  ,4  ,36,  max  t-
statistic  3.53,  20  voxels),  left  superior  frontal 
gyrus (-12, 16, 60, max t-statistic 4.32, 27 voxels) 
and  left  temporal  lobe  (-36,  -44,  -20,  max  t-
statistic 3.99, 23 voxels) showed greater activation 
in response to Non-sequences than to Scrambled 
sequences. 
The  conjunction  of  areas  in  Figs  1b  and  1c 
shows two regions of interest  that correlate with 
members of sequential categories, whether or not 
the members are presented in order  (Fig. 2). The 
conjunction  region  includes  clusters  in  the  right 
MTG (56, -60, -4, max t-statistic 5.29, 30 voxels) 
and the right TPJ (64, -36, 36, max t-statistic 4.56, 
9  voxels),  which  showed  greater  activation  in 
response to sequential stimuli and a region in the 
left  fusiform gyrus (-36, -44, -20, max t-statistic 
7.43,  6  voxels)  showed  greater  activation  in 
response to non-sequential stimuli (Fig. 2). 
Finally, to ensure that the data in Fig 2 were 
not driven by any one type of stimuli, we analyzed 
the time-series data for the eight different types of 
stimuli  in  the  Sequence  and  Non-sequence 
conditions  for  these  two  regions  of  interest 
(Supplementary Fig. 1). The activity in the right 
middle  temporal  gyrus  does  not  appear  to  be 
driven by any one stimulus in particular.
Although semantic processing is traditionally 
found  to  engage  predominantly  the  left 
hemisphere, we have found that the processing of 
sequential stimuli involves more right hemisphere 
activation than non-sequential stimuli, specifically 
in the MTG and TPJ. Semantic dementia typically 
involves  extensive  atrophy  of  the  dominant 
temporal  lobe.  Our  result  may  thus  serve  to 
explain why the processing of sequential stimuli is 
selectively  preserved  in  semantic  dementia  and 
also in aphasias resulting from lesions to the left 
temporal cortex. 
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Figure  2 Processing of sequential information is 
lateralized. Time series of the BOLD signal from 
2 regions of interest (right TPJ [top] and the right 
MTG [bottom]) obtained from the conjunction of 
regions  in  Fig.  1b,c  (*  indicates p<0.05 and ** 
indicates  p<0.001;  paired  t-tests  between 
sequences  and  non-sequences  [red],  and 
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scrambled  sequences  and  non-sequences 
[orange]).
Since  synesthesia  typically  involves  the 
triggering  of a  sensory  experience  by sequential 
stimuli, this suggests that synesthetes might show 
greater  structural  or  functional  connectivity 
between  right  sided  areas  (such  as  MTG)  and 
color areas. Indeed, increased connectivity in this 
area in synesthetes, as detected by diffusion tensor 
imaging, supports this hypothesis.  
Our data offer a new prediction: if participants 
are  overtrained  on  two  new  sets  of  arbitrary 
symbols – one ordinal and one non-ordinal – we 
may be able to witness the transfer of the encoding 
of the ordinal set, but not the non-ordinal set, to 
the  right  hemisphere  with  learning.  This  is  a 
subject  of  future  investigation in  our  laboratory. 
An open question is whether the right lateralized 
processing is unique to sequences learned during 
childhood,  or  instead  whether  similar  activation 
can  be  reproduced  in  brains  of  adults  who  are 
overtrained on new sequences. We are also testing 
whether,  in  synesthesia,  such  a  transfer 
corresponds  in  time  to  the  new  sequence 
beginning to trigger color experiences.
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Supplementary Material:
Why overlearned sequences are special: distinct 
neural  networks  in  the  right  hemisphere  for 
ordinal sequences
V Pariyadath, SJ Churchill, DM Eagleman
Materials and Methods
Participants
26 participants (15 female; mean age range = 23.9; 
all  right  handed)  with  normal  or  corrected-to-
normal vision participated in the experiment after 
giving  written  consent.  Prior  to  commencing, 
participants  were  tested  for  synesthesia  with  a 
short  battery,  which  was  followed  by  a  more 
complete battery if there were any indications of 
synesthesia.   Only  non-synesthetic  participants 
were included for the present analysis. 
Stimuli
Word  sets  consisted  of  4  types  of  sequential 
categories (letters of the alphabet, numbers, days 
of the week and months of the year) and 4 types of 
non-sequential categories (fruits, animals, cars and 
furniture)  presented  in  black  font  on  a  light 
background (Table 1). Average lengths of words 
in  sequential  and  non-sequential  categories  were 
2.9  and  4.9  letters,  respectively.  Each  word 
subtended on average a visual angle of ~1.5°. 
 
Experimental Procedure
The neuroimaging data was acquired in an event 
related  paradigm  (Fig.  1).  Each  trial  in  the 
experiment  consisted  of  5  words  that  were 
presented  serially  for  500  ms  each  with  inter-
stimulus  intervals  of  300  ms.  Randomly 
interleaved  trials  represented  one  of  three 
conditions  (Table  1):  (1)  words  in  a  sequence 
category  were  presented  in  their  proper  order 
(“Sequence”),  (2)  words  in  a  sequence  category 
were  presented  in  a  scrambled  order 
(“Scrambled”),  or  (3)  words  belonged to  a  non-
sequential category (“Non-sequence”).  To ensure 
that  participants  remained  attentive  inside  the 
scanner,  on  50% of  the  trials  the  fifth  stimulus 
would be an oddball (e.g.  Thursday,  Monday,  Saturday,  
Tuesday, Banana or  Pear, Peach, Grape, Apple, 8). Six to ten 
seconds after the last stimulus a question appeared 
on  the  screen:  “Was  there  an  oddball?” 
Participants  made  a  “yes”  or  “no”  response  a 
button box, and the next trial commenced 6 to 10 
seconds later.  Participants  completed 20 practice 
trials  outside the fMRI scanner  and 120 trials  in 
the scanner.  
fMRI Data Acquisition
High-resolution T1-weighted scans were acquired 
on a Siemens 3.0 Tesla Allegra scanner using an 
MPRage sequence. Functional run details were as 
follows:  echo-planar  imaging,  gradient  recalled 
echo; repetition time (TR) = 2000 ms; echo time 
(TE) = 40 ms; flip angle = 90°; 64 x 64 matrix, 29 
4 mm axial slices,  yielding functional 3.4 mm x 
3.4  mm  x  4.0  mm  voxels.  Data  analysis  was 
performed  using  SPM2 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm2) 
and  the  xjView  package 
(http://people.hnl.bcm.tmc.edu/cuixu/xjView). 
Motion correction to the first functional scan was 
performed  using  a  six  parameter  rigid-body 
transformation.  The  average  of  the  motion-
corrected  images  was  coregistered  to  each 
individual’s structural MRI using a 12 parameter 
affine transformation.  The images were  spatially 
normalized to the MNI template by applying a 12 
parameter  affine  transformation,  followed  by  a 
nonlinear  warping  using  basis  functions.  Images 
were  then  smoothed  with  an  8  mm  isotropic 
Gaussian  kernel  and  highpass  filtered  in  the 
temporal domain (filter width of 128 s, ref ).
Data Analysis
To identify a region of interest, we performed a 
general  linear  model  (GLM)  regression. 
Regressors were defined from the onset times of 
Sequence,  Scrambled  and  Non-Sequence  trials 
(with  and  without  oddballs).  Additionally,  the 
timing  of  subjects’  button  presses  and  head 
movement parameters were included in the GLM 
as  effects  of  no  interest  to  account  for  motor 
responses  and  head  movements  that  correlated 
with particular conditions. In total, there were 8 
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
hd
l:1
01
01
/n
pr
e.
20
08
.2
45
2.
1 
: P
os
te
d 
30
 O
ct
 2
00
8
types of events in the GLM. After performing the 
regressions,  we  formed  two  random-effect 
contrasts  (a  t-test  of  differences  in   values).β  
We contrasted the Sequence trials with the Non-
Sequence  trials  (Fig.  1b)  and  the  Scrambled 
sequence  trials  with  the  Non-Sequence  trials 
(Fig. 1c). We used the common voxels of these 
two contrasts as a region of interest in Figure 2. 
Correction for multiple comparisons was carried 
out with an uncorrected p value of 0.005 and a 
cluster size threshold of 20 voxels .
Supplementary Figure:
Table S1 Brain areas activated during the different experimental conditions.
Area (Hemisphere) Brodmann 
Area
MNI 
Coordinates at 
peak 
activation
Maximum 
t-statistic
Cluster 
size 
(No. of 
voxels)
Sequence>Non-Sequence
Parietal Lobe (R) including supramarginal 
gyrus and Temporal Lobe (R) including 
superior temporal gyrus
13/22/40 64 -44 20 4.16 33
Temporal Lobe (R) including middle 19/20/37/39 56 -64 0 5.76 38
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Figure  S1  ROI  time-series  data  from  right  temporoparietal  junction  (Left)  and  right  middle 
temporal gyrus (right).
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temporal gyrus, inferior temporal gyrus, 
fusiform gyrus and Occiptal Lobe (R) 
including middle occipital gyrus
Non-Sequence>Sequence
Cerebellum (R) including culmen and 
Temporal Lobe (R)
20 36 -40 -32 4.64 25
Scrambled>Non-Sequence
Temporal Lobe (R) including middle 
temporal gyrus, inferior temporal gyrus, 
superior temporal gyrus and middle 
occipital gyrus
19/20/37/39 56 -60 -4 5.29 56
Parietal Lobe (R) including postcentral 
gyrus and Temporal Lobe (R) including 
superior temporal gyrus and transverse 
temporal gyrus
2/22/40/42 64 -28 28 5.42 72
Parietal Lobe (L) including postcentral 
gyrus and Temporal Lobe (L) including 
superior temporal gyrus
40/42 -60 -24 16 4.34 21
Frontal Lobe (L) including inferior frontal 
gyrus and precentral gyrus and Temporal 
Lobe (L) including superior temporal gyrus
44 -52 8 16 5.9 33
Non-Sequence>Scrambled
Frontal Lobe (R) including middle frontal 
gyrus, precentral gyrus and inferior frontal 
gyrus
6/8/9 36 4 36 3.53 20
Frontal Lobe (L) including superior frontal 
gyrus and medial frontal gyrus
6/8 -12 16 60 4.32 27
Temporal Lobe (L) including fusiform gyrus 
and parahippocampal gyrus
20/36/37 -36 -44 -20 3.99 23
Scrambled/Sequence>Non-Sequence
Parietal Lobe (R) and Temporal Lobe (R) 
including superior temporal gyrus
22/40 64 -36 36 4.56 9
Temporal Lobe (R) including middle 
temporal gyrus, inferior temporal gyrus and 
Occipital Lobe (R) including middle occipital 
gyrus
19/20/37 56 -60 -4 5.29 30
16. Eagleman,  D.M.,  Kagan,  A.D.,  Nelson,  S.S.,  Sagaram,  D.  &  Sarma,  A.K.  A 
standardized test battery for the study of synesthesia. J Neurosci Methods 159, 139-
145 (2007).
17. Kao,  Y.C.,  Davis,  E.S.  &  Gabrieli,  J.D.  Neural  correlates  of  actual  and  predicted 
memory formation. Nat Neurosci 8, 1776-1783 (2005).
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18. King-Casas,  B.,  et  al.  Getting  to  know you:  reputation  and  trust  in  a  two-person 
economic exchange. Science 308, 78-83 (2005).
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